Several properties of chemotaxis by a psychrophilic marine bacterium, Vibrio sp. strain ABE-1, were examined by swarm formation on a soft agar. This bacterium exhibited a large chemotactic response to succinate, acetate and fumarate. Small but significant response to amino acids such as aspartate, glutamate and serine was also observed.
Bacteria can sense various environmental stimuli and respond to it by modulating the pattern of the behavior, namely they exhibit taxis. In the response to chemical stimuli, chemotaxis, bacteria swim toward and away higher concentrations of attractant and repellent, respectively. The mechanism of the chemotaxis has been extensively studied in Escherichia coli and Salmonella typhimurium, and consequently it has been understood as follows (4, 19) . These bacteria sense chemical substances by several transmembranous chemoreceptor proteins, and the signals are transduced by orderly phosphorylation of cytoplasmic chemotactic proteins and phosphotransfer to other ones. The finally phosphorylated chemotactic protein interacts with the flagell[ar motor, and the resultant change of flagellar rotation modulates the chemotactic behavior.
The bacterial chemotaxis thus confers ability to move toward more comforta- TAKADAA et al. VOL. 39 ble and nutritious environments upon them, and, in particular, may be an essential for survival in natural habitat. Furthermore, the importance of chemotaxis in ecological aspects such as predator-prey relationship, symbiosis and interaction with other organisms has been discussed (5). The effect of temperature on chemotaxis has been studied in several mesophilic bacteria including E. coli, S. typhimurium, Bacillus subtilis (2, 3, 13, 14, 17, 18) , and chemotactic response and motility of these bacteria were shown to generally decline with decreasing temperature. Furthermore, chemotaxis of E. coli was reported to be undetectable below 15°C (2) . On the other hand, considering the physiological significance of chemotaxis as described above, psychrophilic bacteria is expected to exhibit active chemotactic response at low temperature. In this report, we examined several properties of chemotaxis by a psychrophilic marine becterium, Vibrio sp. strain ABE-1 (Vibrio ABE-1). To the best of our knowledge, this is the first report on chemotaxis by psychrophilic bacteria.
MATERIALS AND METHODS
Bacterial strain and growth condition. The psychrophilic marine bacterium, Vibrio ABE-1(22) was cultivated with vigorous shaking at l0°C for 18 h (up to late exponential growth phase) in a peptone broth medium (pH 7.0) (20). Actively motile cells of this bacterium were reisolated by the swarm formation on a soft agar containing sodium succinate as described below and then picking up the cells from the edge of the swarm, according to the report of Adler (2) . The motile cells were maintained on the peptone broth slant agar at 4°C and were used throughout this study unless otherwise stated.
Assay of chemotaxis. Chemotactic response was assayed by swarm formation on a semisolid agar plate (1) . All procedures were carried out under sterile conditions. Cells grown in the peptone broth medium as described above were harvested by centrifugation at 2,200>< g for 10 min at 4°C. In order to avoid detachment of the flagella, the harvested cells were gently washed twice with chemotactic buffer consisting of 1 mM MgSO4, 0.1 mM EDTA, 0.4 M NaCI and 10 mM potassium phosphate (pH 7.4) and the washed cells were then gently suspended in a trace amount of the same buffer. The thick cell suspension (approximately 1012 cells/ml; 1 gcl) was placed on a center of the semisolid agar plate consisting of 0.4 M NaCI, l0 mM KCI, 25 mM NH4Cl, 3.3 mM K2HPO4, 3 mM trisodium citrate, 1 mM CaCl2, 0.1 mM FeSO4, 1 mM MgSO4, 0.2% agar, 50 mM Tris-HCl (pH 7.5) and 1 mM disodium succinate as a chemotactic attractant. The agar plates were incubated for 4 or 5 days at 15°C unless otherwise stated.
RESULTS

AND DISCUSSION
Effect of salts on chemotaxis When flagellated bacteria such as E. coli were placed on a soft agar containing by Psychrophilic Marine Bacteria 373 Fig. 1 . Effect of KC1 on chemotaxis of Vibrio ABE-1 toward succinate. KCl concentrations in the swarm agar plate were changed to 1 mM (A and E), 10 mM (B and F), 0.1 M (C and G) or 1 M (D and H), respectively. In E-H, the agar plates did not contain sodium succinate as the attractant. Arrowheads in the figure indicate the edge of the swarm. Fig. 2 . Effect of pH on chemotaxis. Assay was performed at pH 6.0 (A), pH 6.5 (B), pH 7.0 (C), pH 7.5 (D and H), pH 8.0 (E), pH 8.5 (F), and pH 9.0 (G). 50 mM Tris HCl in the swarm agar plate was replaced at pH 6.0 to 7.0 by 50 mM Bistris-HC!, at pH 7.5 and 8.0 by 50 mM HEPES-NaOH, and at pH 8.5 and 9.0 by 50 mM Bicine-NaOH. In H, the agar plate did not contain sodium succinate as the attractant. Arrowheads in the figure indicate the edge of the swarm. a chemotactic attractant, they have been reported to move about and spread on the agar (1). This phenomenon, swarm formation, has been utilized as one of the methods to assay bacterial chemotaxis. It has been demonstrated that Vibrio ABE-1 is a flagellated bacterium (22). In fact, Vibrio ABE-1 could form swarm in response to sodium succinate as an attractant, which has been reported to be a good carbon source for the growth of this bacterium (6). It has been shown by a capillary assay, another assay method for bacterial chemotaxis, that 10 mM KCl or NaCI stimulated chemotaxis of E. coil (2) . Furthermore, halophilic bacteria such as Vibrio ABE-1 have been known to require several cations for maintaining the structure of cellular constituents (e.g., cell envelope) and for various cellular functions including enzymes and transport processes (7-9). Therefore, effects of salts on the swarm formation by Vibrio ABE-1 were examined on the semisolid agar plate containing succinate as the attractant at 15°C. Considerably large swarm was formed in the range of KCl concentration from 1 to 100 mM and the optimum KCl concentration for chemotactic response was found to be 10 mM (Fig. 1) . However, 1 M KCl completely inhibited the chemotaxis. Similarly, the size of swarm formed was affected by various concentrations of NH4Cl from 1 to 250 mM tested, and the optimum NH4C1 concentration was 25 mM. Judging from the diameter of the swarm, this bacterium exhibited 65% and 78% of the maximum response in the presence of 1 and 250 mM NH4C1, respectively. Furthermore, the presence of more than 50 mM NaCI was essential for the swarm formation of this bacterium, and 400 mM NaCI was required for the maximum swarm formation (Takada and Fukunaga, submitted for publication).
Effect of pH Vibrio ABE-1 has been shown to grow optimally over a wide range of pH from 6.5 to 8.5 in a synthetic medium containing sodium succinate as a sole carbon source (21). Chemotactic response of this bacterium to succinate was detected in the range from pH 6.0 to 9.0, and the swarm was optimally formed at pH 7.5 or 8.0 (Fig. 2) . Therefore, the optimum pH range for the chemotaxis of this bacterium (pH 7.5-8.0) was found to be narrower than that for its growth.
Effect of temperature
Chemotaxis of Vibrio ABE-1 toward succinate was examined in the temperature range between 5 and 25°C (Fig. 3) . The optimum growth temperature of this bacterium is about 15°C, and it can grow well even at 0°C but not at 25°C (22). The largest swarm was formed at the optimum growth temperature, 15°C, and very high chemotactic response (judging from the diameter of the swarm, about 60% of the maximum response) was retained even at low temperature such as 5°C. Conversely, no chemotaxis was detected at 25°C and only 33% of the maximum response was observed at 20°C. Thus, this bacterium was found to exhibit very active chemotaxis at low temperatures as well as its growth, indicating the importance of chemotaxis in survival of J)sychrophilic bacteria at low temperature. This is supported by the report that chemotaxis of a psychrotrophic bacterium Pseudomonas fluorescens toward malate, which can grow in the range between 0 to 35°C, was functionable at 5°C (about 25% of the maximum response) (I1). It has been reported that chemotaxis of E. coli toward aspartate was dependent on temperature, namely the chemotactic response increased 20-fold with raising temperature from 20 to 30°C and no chemotaxis was observed below 15°C (2) . Lofgren and Fox (10) showed from the experiments with an unsaturated fatty acid auxotroph of E. coli that a fluid liquid phase of membrane was required for bacterial chemotaxis. However, Miller and Koshland reported that membrane fluidity had no significant influence on several parameters of chemotaxis, motile velocity, tumbling frequency and response time in E. coli and S. typhimurium (15). Because Vibrio ABE-1 can keep the fluid state of membrane at least in the temperature range from 0 to 20°C (16), this bacterium would be able to exhibit normal chemotaxis over this temperature range even if an adequate membrane fluidity is required for chemotaxis.
Chemotaxis toward various substances
Chemotaxis of Vibrio ABE-1 toward various substances was examined at 15°C by the swarm assay (Fig. 4) . Because actively motile cells were selected in the presence of succinate and used in the examinations for chemotactic response to succinate as described in MATERIALS AND METHODS, these cells might selectively respond to succinate or its derivatives. To exclude this possibility, the cells, which were not selected for the motility and were cultured in the peptone broth medium, were used in this experiment. The swarm formation by the unselected cells in the presence of succinate required much longer time periods (11 days) than that by the actively motile cells. Among all substances tested, Vibrio ABE-1 formed the largest swarm in the presence of succinate, and almost the same size of swarm was observed on the agar containing fumarate. The response to acetate, pyruvate and malate was smaller than that to succinate or fumarate. Chemotaxis toward amino acid such as aspartate, glutamate and serine was also observed, but the response was smaller than that to malate or pyruvate.
Furthermore, no positive response to glucose and leucine, which are known to be an attractant and a repellent for E, coli, respectively (12), was found in this bacterium. The inability of the response to glucose agrees with the fact that Vibrio ABE-1 cannot utilize glucose as the sole carbon source (22).
